Abstract-A common way for understanding sensory integration in postural control is to provide sinusoidal perturbations to the sensory systems involved in balance. However, not all subjects exhibit a response to the perturbation. Determining whether or not a response has occurred is usually done qualitatively, e.g., by visual inspection of the power spectrum. In this paper, we present the application of a statistical test for quantifying whether or not a postural sway response is present. The test uses an -statistic for determining if there is significant power in postural sway data at the stimulus frequency. In order to describe the application of this method, 20 subjects viewed sinusoidal anterior-posterior (A-P) optic flow at 0.1 and 0.25 Hz, while their A-P head translation was measured. The test showed that significant postural responses were detected at the stimulus frequency in 12/20 subjects at 0.1 Hz and 13/20 subjects at 0.25 Hz.
I. INTRODUCTION
A COMMON method for assessing the sensory integration of posture is to provide sinusoidal perturbations to the different sensory modalities subserving balance. For example, the contribution of the peripheral vestibular system to the control of posture has been examined using sinusoidal galvanic vestibular stimulation (GVS) [1] - [7] . Likewise, the influence of vision on posture has been examined using sinusoidal optic flow stimuli [8] - [19] . The role of somatosensory inputs, transduced using both upper and lower extremities, has also been examined [20] - [23] . Typically, postural sway responses occur at the stimulus frequency, and these responses are evaluated using some outcome measure, such as the spectral power. However, not all subjects respond to these stimuli, and rarely does an individual subject respond to all stimuli [10] , [17] . For instance, Kay and Warren have reported that visually-induced postural responses consistently occur in one-half to one-third of subjects [17] .
Clearly, a method is needed to quantitatively determine if a postural response has occurred at the stimulus frequency. It is possible that greater insight about postural control mechanisms may be reached if differences between "significant" and "nonsignificant" responses to any given stimulus are examined. Fur-thermore, recent experiments have explored the use of multimodal, multifrequency stimuli [24] . In these cases, it would be desirable to determine if a significant response occurred at any or all of the stimulus frequencies.
The use of a statistical-based method for detecting a sinusoid in the presence of noise is well known in the signal processing literature [25] . The purpose of this report is to describe the technique and to apply this method to postural sway data elicited by sinusoidal optic flow.
II. METHODS

A. Statistical Test
In order to evaluate if a signal has a significant tone embedded in noise , consider the following model [25] :
where , , and are the amplitude, frequency, and phase of the sinusoid, is a time vector, is the sampling frequency, is the number of samples, and is zero-mean Gaussian white noise. Assume that , where is the Nyquist frequency . The null hypothesis is that there is not a significant component at the stimulus frequency (i.e., ). A periodogram of the signal results in a spectral density function . Let form a set of nonzero frequencies such that
. If the null hypothesis is true and is Gaussian white noise, then the are independent random variables from a distribution, multiplied by the variance term . An -statistic that tests whether there is a significant component at the stimulus frequency can be constructed simply by forming the ratio of the power at the stimulus frequency to the average power at all other frequencies (3) If the ratio of the power at the stimulus frequency to the average power at the other frequencies is greater than the critical , then the null hypothesis that must be rejected, and it is concluded that a tone is present. The critical is explicitly known by the following equation:
1534-4320/04$20.00 © 2004 IEEE where is the denominator degrees of freedom. For reference, the critical is tabulated for some standard data lengths and levels of ( Table I) . As can be seen, the critical is more highly dependent on than on the sample size. Another case involves determining if there are postural responses at each of several stimulus frequencies . Consider the following model:
First, one can test the null hypothesis that there are no significant components at any of the stimulus frequencies, i.e.,
. An -statistic can be constructed by forming the ratio of the average power at the stimulus frequencies to the average power at the nonstimulus frequencies (6) If the ratio is greater than the critical , then the null hypothesis is rejected and the alternative hypothesis that at least one is greater than 0. Unfortunately, it cannot immediately be determined which of the multiple frequency components is greater than zero. In order to discern this, it is recommended to perform a post hoc test using (3) for the individual frequency components, with the following modifications: 1) is not equal to any of the stimulus frequencies; 2) the denominator degrees of freedom equal 2 .
B. Experimental Procedure
As noted in the Introduction, subjects may not always have a postural sway response at the same frequency as the sensory stimulus. Consequently, the technique was applied to postural sway data collected from human subjects as they viewed optic flow stimuli in a full field of view (180 horizontal, 70 vertical) immersive environment (Fig. 1) . Optic flow consisted of alternating black and white squares (15 15 cm) that moved sinusoidally in the A-P direction. Trials were conducted at stimulus frequencies of 0.1 and 0.25 Hz. In all cases, the amplitude of the movement was 16 cm peak-to-peak, and movement occurred for 90 s.
Twenty healthy young subjects (nine male and 11 female, mean age years, range 21-30) participated after providing informed consent. They were instrumented with 6 degree-offreedom electromagnetic sensors (Polhemus Fastrak) placed on top of their head and around their waist. All data were digitized at 5 Hz and stored for subsequent analysis. While viewing the moving scenes, subjects were instructed to stand in a relaxed manner, looking straight ahead, with their arms crossed in front of their chest. 
C. Data Analysis
The first and last 5 s of the trial were discarded. After applying a digital lowpass filter (Butterworth, order 4, zero phase, cutoff frequency 2.0 Hz), periodograms (window length , rectangular window, no overlap) of the data were examined. For example, postural sway data obtained from a subject while viewing a peripheral optic flow stimulus moving at 0.25 Hz is presented in Fig. 2 . The time series demonstrates a strong response at the stimulus frequency, although the amplitude is quite variable. In the power spectrum, a peak at 0.25 Hz can clearly be seen approximately 20 dB above the floor of the noise. However, there is a 50-dB rolloff in signal power from 0 to 1.5 Hz. Since the spectrum cannot be assumed to be zero-mean Gaussian white noise, the signal must be conditioned in some way prior to applying the statistical test. Therefore, a prewhitening filter was applied to the data (see Appendix). Fig. 3 demonstrates the spectrum of optic flow sway data after the prewhitening filter was applied to the data in Fig. 2 . Observe the flatness of the spectrum, which can now be modeled as zero-mean white noise. Furthermore, the peak at 0.25 Hz is preserved.
-statistics were then computed, using the frequency range of 0.05-1 Hz. These were compared to a critical value of with . The number of trials that passed the threshold were counted as a function of stimulus frequency.
III. RESULTS
The application of this technique to data that had an obvious component at the stimulus frequency was demonstrated in Figs. 2 and 3 . In this example, the -statistic was 65.6, compared to a critical value of 3.056. In order for the method to be useful, it should also reject responses that do not appear to have a component at the stimulus frequency. Consider a different subject's response to the same stimulus (Fig. 4) . The time series appears to have significant low-and high-frequency components, but does not have a strong response at 0.25 Hz. The prewhitened spectrum reflects this assertion, as there is no discernible peak at 0.25 Hz. The -statistic for this trial was 1.8, which is less than the critical value of 3.056. significant and nonsignificant responses, demonstrating a clear difference in how subjects respond to the optic flow.
IV. DISCUSSION
A reason for applying this method to postural sway data came from the authors' observations that not all subjects responded to optic flow stimuli. This experience was corroborated by the findings of Kay and Warren, [17] who were not able to elicit visually-induced postural responses in one-third of their subjects. The current findings are similar, given that 15 of the 40 (38%) of the responses were not significant. In other studies examining postural responses to visual perturbations, there have been reports of subjects not responding to all stimuli [10] , and reports of excluding data from subjects who did not respond to the stimuli [26] . If a response is not detected to a perturbation of a certain sensory modality (e.g., vision), then other sensory systems may be responsible for controlling postural responses in that instance. For example, Peterka [27] has shown that for small amplitudes of optic flow stimuli, postural response gains are approximately 1, indicating a high sensitivity of the postural system to visual inputs. For greater amplitudes of optic flow stimuli, postural response gains are lower, suggesting a decrease of visual sensitivity presumably due to greater reliance on somatosensory/vestibular inputs. The proposed statistical method can help to define the conditions where individual sensory mechanisms are being used to control posture.
Consequently, fundamental questions arise regarding the use of such stimuli. 1) Is it appropriate to include response measures from data sets in which there is no apparent response to the stimulus? 2) Should the number of data sets in which a significant response was not detected be reported? 3) Can different conclusions be made if one includes nonsignificant responses versus not including these data? Two viewpoints can now be considered. The first assumes that all subjects are homogeneous in that they constitute a random sample of a larger population of alike individuals (healthy controls or some clinical population). All data are included in statistical analysis. A downside to this view is that inclusion of datasets in which no response is detected may prevent a significant finding from being made by minimizing differences between groups, or by increasing variability. The second view suggests that some subjects may inherently respond differently. For example, 5 of the 20 subjects did not respond to optic flow stimuli at either frequency. Immediately one may question why these subjects did not respond. Examination of these subject differences may lead to greater insight about postural control, but also may lead to less generalizability of the findings. Of course, any number of methods can be used to detect the presence of a signal in noise [28] - [30] . In the postural control literature, others have used detection schema based on relative values of gain and cross-correlation function that surpass certain statistical thresholds for white noise [19] , [31] . Kay and Warren [17] considered a significant postural response to occur if the peak frequency coincided with the stimulus frequency. This method may not detect as many true significant responses, because localized peaks at higher frequencies may be smaller than the power naturally present at lower frequencies. It is for this reason that we applied a prewhitening filter. Another method requires the computation of gain and phase over the course over several repeated trials [22] . If the gain and phase are consistent, then it can be assumed that significant responses are occurring. The tradeoff in using this method is that multiple trials need to be performed, while the method described in this paper requires only one trial per stimulus.
One of the requirements for using this technique is that the sinusoid be embedded in white noise, i.e., has a flat spectrum in the region of interest. However, postural sway data routinely demonstrates a low-pass spectrum with signal attenuation that is inversely proportional to frequency. Therefore, in order to apply this method, a prewhitening filter was applied that flattened out the spectral response (see Appendix for details of the prewhitening filter). The eighth-order autoregressive model that was used to design the filter was selected because of our subjective evaluation of the whitening effect. However, we have determined that there is little difference in the resulting prewhitened signal if one uses a fourth-, sixth-, or eighth-order model. In 88% of the 40 trials, linear regression confirmed that the spectra were flat in the range from 0.05 to 1.0 Hz.
A question may arise as to how much signal power is needed in order to significantly detect a response at the stimulus frequency. Therefore, simulations were performed in order to quantify what percentage of signals with a nominal signal-to-noise ratio (SNR) would pass critical thresholds at given values of . Pure-tone signals (0.25 Hz) with added white noise were generated in the frequency range considered to be typical for postural sway (bandwidth 0.05-2.0 Hz). The amplitude of the noise was adjusted in order to achieve the desired SNR. One thousand realizations were generated for the following SNRs: 0, 3, 6, 9, 12, 15, 18, 21 dB.
-statistics were computed for each of these realizations in the range of 0.05-1.0 Hz, and compared with the critical values for various values of (0.10, 0.05, 0.025, 0.01, 0.005, 0.0025, 0.001).
The percentage of signals (60-s duration, 0.05-1.0-Hz bandwidth) that passed the critical values for different levels of are tabulated as a function of the SNR for a 60-s signal (Table II) . Given a standard , signals with a SNR greater than or equal to 9 dB pass all of the time. At an SNR of approximately 15 dB, two-thirds of the signals pass the critical threshold at . Consequently, the test can detect relatively small signal power. If the criterion for detection was set at a more stringent level , then a signal with an SNR of approximately 12 dB would pass the same amount of time. Objective criteria (such as SNR and significance level) can be used to establish what constitutes a significant postural response.
Postural sway is a complex biological signal, which makes it difficult, at times, to discern if a significant response has occurred due to some stimulus. The proposed statistical-based method provides an objective rule for determining if significant postural responses occur as a result of sinusoidal sensory stimuli. Consequently, the use of such a rule could form the basis of a hypothesis test that examines if a response depends upon some experimental condition. For example, the effect of optic flow stimulus frequency on the ability to detect a significant response would have been found to be not significant using the statistic. Given the widespread use of sinusoidal perturbations in the postural control literature, this method can be an important tool for understanding the sensory control of posture.
